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ABSTRACT:
Diarrhea causes substantial morbidity and mortality in children in low-income countries.
Although numerous pathogens cause diarrhea, the etiology of many episodes remains unknown.
Serratia marcescens is incriminated in hospital-associated infections, and HIV/AIDS associated diarrhea. We have recently found that Serratia spp. may be found more commonly in the stools of patients with diarrhea than in asymptomatic control children. We therefore investigated the possible enteric pathogenicity of S. marcescens in vitro employing a polarized human colonic epithelial cell (T84) monolayer. Infected monolayers were assayed for bacterial invasion, transepithelial electrical resistance (TEER), cytotoxicity, interleukin-8 (IL-8) release and morphological changes by scanning electron microscopy. We observed significantly greater epithelial cell invasion by S. marcescens compared to Escherichia coli strain HS (p= 0.0038 respectively). Cell invasion was accompanied by reduction in TEER and secretion of IL-8. A c c e p t e d M a n u s c r i p t
INTRODUCTION
Diarrhea causes substantial morbidity and mortality in children in low-income countries 1, 2 .
Although numerous pathogens can cause diarrhea, many episodes do not have a known etiology.
Epidemiological research in enteric diseases have shown that majority of cases of moderate to severe diarrhea among children under the age of five years and among hospitalized patient could not be attributed to a specific known pathogen 1, 3 . Therefore, identification of additional potential enteric pathogens is an important global health priority. In addition, many cases of necrotizing enterocolitis and antibiotic associated diarrhea are without identifiable enteric pathogens. Identification of potentially pathogenic species within the intestinal microbiota is therefore an important research priority.
Serratia marcescens is a common enteric bacterium generally thought not to be pathogenic in the gastrointestinal tract 4 . However, the organism is capable of causing nosocomial infections in other body systems, most notably respiratory and urinary tract infection, meningitis, bacteremia and different types of wound infection [5] [6] [7] . Serratia species cause outbreaks in neonatal intensive care units 8, 9 , including necrotizing enterocolitis, and have been associated with significant morbidity and mortality in children 10 . However, recent studies showed that 65% of all Serratia infections were community-based, with S. marcescens being the most commonly isolated species, accounting for 92% of all isolated Serratia
.
Taxonomically, the genus Serratia is classified as a member of the family Enterobacteriaceace, and currently consists of 14 recognized species with 2 identified subspecies 12 . S. marcescens is the most commonly isolated Serratia species in human infections 7 . It is a widely distributed saprophytic bacterium and causes disease in plants and in a wide range of both invertebrate and vertebrate hosts 7, 12 . Based on biochemical characteristics, six A c c e p t e d M a n u s c r i p t 4 biogroups consisting of nineteen biotypes of S. marcescens namely A1 (A1a, A1b); A2/6 (A2a, A2b, A6a, A6b); A3 (A3a, A3b, A3c, A3d); A4 (A4a, A4b); A5/8 (A5, A8a, A8b, A8c); and TCT (TT, TC) have been recognized 13, 14 . The biogroups consist of red pigmented (A1 and A1/6) and nonpigmented (A3, A4, A5/8 and TCT) serotypes. Infection has been acquired through ingestion of contaminated food, contaminated hospital equipment, or the hands of medical staff 15 . S. marcescens can infect numerous sites including urinary 16 , respiratory 17 , epithelia, muscle and subcutaneous tissues 18 . Although non-pigmented biogroups are the most common cause of nosocomial infections, the red pigmented biogroups also cause significant common source outbreaks and cross-infections 15 .
Like other enteric bacteria pathogens, S. marcescens is capable of producing well known virulence factors such as fimbriae, the RssAB-FlhDC-ShlBA pathway, quorum sensing systems and various secreted enzymes 12, 19 . The organism has been associated with a potent cytotoxin, ShlA, which in concert with the ShlB protein causes contact-dependent cytotoxicity in eukaryotic cells 20 . An extracellular hemolysin, PhlA, with phospholipase activity has also been characterized 21 . The PhlA acts upon phospholipids and produces lysophospholipid, which lyses human, horse and sheep red blood cells and HeLa cells 21 . A type VI secretion system has also been described in Serratia species 22 , although its contribution to virulence is unknown.
The gastrointestinal epithelium deploys multiple innate defense mechanisms against microbial . IL-8 has been shown to be a key chemokine in inflammation and bacterial translocation 25 . Although pathogens frequently induce or evade these defenses, the effects of 
RESULTS

Adhesion and internalization of S. marcescens in T84 cells
To test whether S. marcescens possesses the ability to adhere to or invade intestinal epithelial cells, we performed an adhesion assay and gentamicin protection assay as previously described (Fig. 1A) , however, the difference among the strains in adherence to T84 cells was not statistically significant (p=0.096 and p=0.726, respectively). We observed recovery of S. marcescens from intestinal epithelial cells after treatment with gentamicin (Fig. 1B) ; recovery was significantly higher compared to that observed for S. flexneri or E. coli HS (p<0.05 and p< 0.005, respectively). Negligible numbers of K. oxytoca were recovered in this assay.
S. marcescens disrupts transepithelial electric resistance (TEER) of a T84 cell Monolayer
The transepithelial electric resistance (TEER) of epithelial cell monolayers has been shown to diminish upon infection with enteric pathogens 27 . We assessed the TEER of polarized T84 28, 29 . We observed marked reduction in TEER by all the Serratia strains tested (Fig. 2B ). The change was statistically significant compared with uninfected cells (p<0.0001).
S. marcescens Infection Induces Elevated IL-8 Secretion from T84 cells
Intestinal epithelial cells are known to express pro-inflammatory cytokines including IL-8, monocyte chemotactic protein-1 and TNFα upon interaction with many enteric pathogens 24 . In addition IL-8 has been described as a major cytokine produced by intestinal epithelial cells when invaded by bacteria 25 . We therefore examined IL-8 secretion by epithelial cells following S. marcescens exposure, compared with three other intestinal bacteria. Basolateral supernatants of T84 cell monolayers were collected after 3h of exposure to each bacterial species and examined for presence of IL-8 cytokines. There was significantly higher secretion of IL-8 (mean 426.6 pg/ml) in T84 intestinal epithelial monolayers infected with S. marcescens (Fig. 3A ) compared to each of the three enteric bacteria tested and to the uninfected cell monolayers (p<0.0001). We examined IL-8 secretion by epithelial cells following exposure to various strains of S. marcescens, and compared with E. coli HS and uninfected cells (Fig. 3B) . All strains induced release of IL-8 greater than negative controls. 
S. marcescens induces release of LDH
Polarized T84 cell monolayers were infected with S. marcescens, S. flexneri, E. coli HS or K. oxytoca individually; basolateral supernatants were collected after 3 and 6 hrs post-infection, and LDH was measured by immunoassay (Fig. 4) . We found that LDH release from cells infected with S. marcescens was more than 3 times greater than that observed for each of the other comparisons (p<0.0001). We also found that supernatants from cells infected with S. marcescens after 6 hrs of infection appeared to be ten-fold greater than the concentrations measured at 3 hrs (p<0.001), and more than 60 times greater than that induced by the other three enteric bacteria tested (p<0.0001).
Effect of S. marcescens Infection on Morphology of T84 cells
To investigate the effect of S. marcescens infection on intestinal epithelia cell morphology, we infected non-polarized T84 cell monolayers with bacteria at a multiplicity of infection of 100 for A c c e p t e d M a n u s c r i p t 8 secreted pore-forming cytolysin ShlA as an important factor mediating internalization of S marcescens and lysis of epithelial cells 32, 33 ; the ability of S marcescens to adhere to and invade intestinal epithelial cells has not been reported to our knowledge. Tight adhesion increases the proximity of the bacteria with the cell, possibly bringing the cell bound cytotoxin in close contact with the cell, thereby enhancing host-cell invasion. This is supported by published results demonstrating that adherent but non-cytolytic mutant strain of S. marcescens showed no cell invasion 33 . In this study, S. marcescens exhibited more abundant adherence and significantly greater invasiveness for the epithelial cells than nonpathogenic E. coli HS controls.
The integrity of the epithelial monolayer is sustained by tight cell-cell junctions, and many bacterial pathogens target tight junctions by perturbing this structure 34 . For some pathogens, previous studies have demonstrated that reduction in TEER is correlated with significant decrease in tight junction protein expression and increased permeability, thus allowing translocation of virus and bacteria across the mucosa 35 . Similarly, apical application of bacteria has been shown to induce opening of the paracellular pathway and transmigration of polymorphonuclear leucocytes, which in turn facilitate pathogen invasion 36 . We report that infection with S. marcescens drastically decreased TEER of T84 cell monolayers, although the mechanism of this effect is unknown. , with A2b isolated from infants (mostly from feces) in a neonatal ward 7 .
Intestinal epithelial cells act as sentinels in intestinal infection
S. marcescens has been reported to have a cytotoxin/cytolysin and a type VI secretion system that exports a non-diffusable cytolysin oxytoca induce antibiotic-associated hemorrhagic colitis and a high proportion of stool isolates tested were cytotoxin positive 40, 41 . The cytotoxin caused rounding, fragmentation and detachment of HEp-2 cells from the substratum which may precede cell death. In the current study, the K. oxytoca strain used exhibited no cytotoxicity suggesting that the cytotoxin production might be strain specific.
In conclusion, the current study provides evidence that S. marcescens is a potential enteric pathogen. Epidemiologic studies should consider possible association between this organism and diarrhea on non-diarrheal pathogenic states, and in other pathogenic states such as necrotizing enterocolitis.
MATERIALS AND METHODS
Bacterial strains and growth conditions
The bacterial strains used in this study are summarized in Table 1 
Measurement of TEER
The TEER was used to monitor the integrity of the epithelial monolayer as previously described 30, 43 using an epithelial ohmeter resistance reader (World Precision Instruments). Monolayers were considered polarized and used for experiment when resistance was equal to or greater than 1,300 Ω/cm 2 . TEER was also measured before infection (time zero) and 1 hr after recovery (time t) following the antibiotic protection assay (see below for full description). TEER was then expressed as the ratio of TEER at time t in relation to the initial value (time zero) for each experiment. Statistical analysis was performed to compare the means percent change in experimental and medium control groups. cytokines assays, respectively. Thereafter, the cells were washed three times with PBS. One set of the cells was lysed with 500 µL of 1% triton X-100 and the lysates diluted 1:1000 in sterile PBS and plated on LB agar medium for CFU count to determine the bacterial association with the cells 26, 43 . For gentamicin protection assays, fresh DMEM-F-12 with 100µg/ml gentamicin (Sigma-Aldrich) or 500µg/ml amikacin (Sigma-Aldrich), chosen according to the susceptibility of the test bacteria, was added to the apical and basolateral chambers of the second set of cells and incubated as above for 1 hr to kill extracellular bacteria. After extensive washing (three times) to remove the antibiotic, the intracellular bacteria were released by lysis with 1% Triton X-100 as described above. The cell lysates were diluted 1:10 in sterile PBS and plated on LB agar medium for CFU count to determine invasion 44 . Data were expressed as CFU/well for each monolayer. Adhesion was defined as: the difference between the number of associating bacterial CFU and the number of internalized bacterial CFU as previously described 42 , while the percent invasion was defined as: the number of internalized bacterial CFU (invasion) divided by the 
Interleukin-8 Enzyme-Linked Immonosorbent Assay
Supernatants from each infection were collected and IL-8 protein levels were determined by enzyme linked immunosorbent assay (ELISA) using human IL-8 ELISA kit (Invitogen) according to the manufacturer's instructions. Supernatants from uninfected cells were used as negative controls and each sample assessed in duplicate.
Lactate dehydrogenase Assay
The T84 monolayers were infected for various time periods, and medium was aspirated. The medium was then centrifuged to remove viable bacteria. Cytotoxicity was tested using lactate dehydrogenase (LDH) kit (BioVision) according to manufacturer's instructions.
Scanning Electron Microscopy
Bacterial strains at multiplicity of infection of 100 were cultured for 3 hrs with T84 cell monolayers grown on 12-mm glass coverslips. Culture medium was removed, and cells fixed in 0.1 M cacodylate buffer (pH 7.4) containing 2.5% paraformaldehyde and 2% glutaraldehyde, rinsed, postfixed in 1% osmium in 0.1 M cacodylate buffer, and then dehydrated in a graded series of ethanol mixtures and treated with hexamethyldisilane. After drying, cover slips were coated with gold and examined using a JEOL JSM-6400 scanning electron microscope (JOEL Ltd). 
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